In humans, the full complement of nephrons in the kidneys has formed by approximately 36 wk of gestation and no further nephrons are formed after this time (1) . A number of experimental and human studies have demonstrated reduced nephron endowment as a result of IUGR, suggesting that a compromised in utero environment impairs nephrogenesis (1) (2) (3) . A reduction in nephron number at birth could have long-lasting effects on renal function. Although IUGR infants may exhibit postnatal catch-up growth, in terms of body weight and height (4) , the nephrons of the kidney can only enlarge after birth. Hence, a reduction in nephron endowment during fetal development could be causally related to the high incidence of renal disease in populations that have a high incidence of IUGR, such as the Australian Aborigines (5).
The sheep is a suitable species in which to study the effects of intrauterine factors on renal development, as the gestational timing of nephrogenesis in sheep closely resembles that of humans. As in the human, nephrogenesis is completed in the sheep during the last third of gestation, at around 120 d postmating (6) , with no nephrons formed after birth (~147 d) (6) . In addition, sheep usually give birth to single or twin (dizygotic) offspring, enabling the effects of twinning to be studied. In the present study, using unbiased stereological methods, the number of glomeruli was estimated in normally grown fetuses, in fetuses after naturally induced IUGR as a result of twinning, and in fetuses in which IUGR was induced experimentally during late gestation by UPE. Twinning is a natural form of IUGR, with 55% of human twins reported to have birth weights below 2500 g (7) ; this growth restriction occurs mainly in the third trimester (8) , which is the time when nephrogenesis is greatest. To date, there is very little data on the effects of twinning on nephron endowment. Thus, the major aim of this study was to determine the effects of two forms of IUGR on nephron endowment in fetal sheep and to determine whether UPE had any effect on the capillary length and surface area of glomeruli. We studied two groups of IUGR fetuses, those that were growth restricted from experimentally induced placental insufficiency (UPE) in late gestation and those that were naturally growth restricted due to twinning. By comparing renal development in these groups, we have been able to obtain data on the relation between the timing of IUGR and altered renal development.
METHODS

Surgical procedures.
Studies were conducted on the fetuses of 15 Border Leicester X Merino ewes of known mating date. There were six control fetuses (all singletons), five fetuses that had undergone UPE to induce IUGR (all singletons), and seven fetuses from twin pregnancies. Control and UPE fetuses underwent surgery for the chronic implantation of catheters at 116 Ϯ 1d ga as previously described (9) . In brief, anesthesia was induced in ewes and fetuses with sodium pentothal (1 g, i.v.) and maintained with halothane (1.5-2% in O 2 ). Under aseptic conditions, the fetal hindquarters were exposed to allow the implantation of a femoral artery catheter that was later used for blood sampling and to inject microspheres for UPE; this catheter was inserted such that its tip was positioned in the abdominal aorta, 1-2 cm below the level of the renal arteries. A catheter was also inserted into the fetal femoral vein. Antibiotics (procaine penicillin 500 mg, dihydrostreptomycin 500 mg, Troy Laboratories Pty Ltd, Sydney, Australia) were administered intramuscularly to all fetuses. After exteriorization of catheters and closure of surgical sites, sheep were housed in individual cages and allowed a 3-to 4-d recovery period before UPE commenced. Fetal arterial blood samples were collected daily to measure pH and blood gas tensions (Radiometer ABL 510, Copenhagen, Denmark) and blood glucose and lactate concentrations (YSI 2300 STAT Glucose and L-Lactate analyser, YSI Inc., Yellow Springs, OH, U.S.A.). All procedures were approved by the Monash University Animal Welfare Committee.
Induction of IUGR. Fetuses in the UPE group underwent placental embolization between 120 d and 140 d ga as previously described (9, 10) . In brief, daily injections of microspheres (diameter 40 -70 m) into the umbilico-placental circulation (via the fetal femoral artery catheter) reduced fetal arterial O 2 saturation to approximately 50% of control values. The control fetuses received saline injections only.
Autopsy. At 140 d of gestation, all ewes and fetuses were humanely killed with an i.v. overdose of sodium pentobarbitone (325 mg/mL) (9) . Before euthanasia, the control and UPE fetuses were given 6 mg of papaverine hydrochloride (i.v.) to maximally dilate the vasculature, followed by 2500 IU of heparin to minimize blood clotting in small arteries. The fetus was removed and weighed. After the right fetal kidney was removed, a further dose of papaverine hydrochloride (1.2 mg) was injected via the renal artery before perfusion at 50 mm Hg with 0.9% saline, followed by 4% paraformaldehyde and 0.2% glutaraldehyde (pH 7.4) in 0.1 M phosphate buffer. The weight of the fixed kidney was recorded.
In the twin pregnancies, fetuses were removed from the uterus and weighed. The right kidney was excised and weighed before it was immersion fixed in 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer.
Kidney sampling. The renal capsule and fat around the hilus was removed. The kidney was then cut in half longitudinally through the hilus and again laterally through the hilus, providing four quarters. All of these were weighed and one quarter (chosen at random) and its diagonally opposite counterpart were selected. The two quarters were then cut laterally into slices 1.5-mm thick with systematic sampling of every n th segment starting from a random number. The majority of the renal medulla was removed from these 8 -10 selected slices, which were then embedded in glycol methacrylate resin (Technovit 7100 resin, Heraeus Kulzer GmbH, Hanau, Germany) for the stereological determination of nephron number (11) . Kidneys from control, UPE, and twin fetuses were sampled in the same manner.
In the remaining slices from the UPE and control kidneys, 10 pieces of cortex extending from the capsule to the medulla, each of which was approximately 1 mm 3 in volume, were sampled and embedded in Epon-Araldite for the determination of glomerular capillary length and surface area (12) .
Estimation of nephron number and renal corpuscle volume. The kidney slices embedded in glycol methacrylate resin were sectioned at a nominal thickness of 20 m and the 10 th and 11 th sections (beginning with a random number) were collected and stained with hematoxylin and eosin. Using a physical disector/fractionator technique, the number of glomeruli in the kidneys was estimated (13) . Renal corpuscle volume was also determined in the kidney sections using stereological techniques (13) . Renal corpuscle volume was determined rather than glomerular tuft volume as kidneys from the twins were immersion fixed.
Estimation of glomerular capillary length and surface area. The tissue embedded in Epon-Araldite was sectioned at 1 m and stained with toluidine blue. Using an unbiased stereological technique, the length and surface area of glomerular capillaries were estimated (12) . The total renal filtration surface area (TRFSA) was estimated by multiplying the number of nephrons by the filtration surface area per glomerulus.
Glomerular capillary length and surface area were not determined in the kidneys from twin fetuses, as these kidneys were immersion fixed. As these morphometric measurements require the capillaries to be at a standardized state of dilation, it was deemed invalid to determine capillary length and surface area in the immersion-fixed kidneys from the twin fetuses.
Statistical analysis. Statistical analysis was performed using GraphPad Prism version 3.0 for Windows (GraphPad Software, San Diego, CA, U.S.A.). Comparison of glomerular capillary length and surface area, as well as TRFSA, between groups were analyzed using a t test. The body weights, kidney weights, glomerular volume, and nephron number data for all three groups (control, UPE, and twin) were analyzed using a one-way ANOVA followed by a Tukey's posthoc test. All results are presented as mean Ϯ SD. Statistical significance was taken as p Ͻ 0.05.
770
RESULTS
Fetal body and kidney weights.
Compared with control fetuses, body weights of UPE fetuses were reduced by 34% and those of twins by 28% (Table 1 ). The kidneys of the UPE fetuses were 27% lighter and those of the twin kidneys were 36% lighter than in controls (Table 1) . There was no significant difference in the adjusted kidney weights of the UPE fetuses relative to controls; however, the adjusted kidney weights of the twin fetuses were 20% lower (p Ͻ 0.01) than those of the UPE fetuses.
Nephron number. Nephron numbers in each group are shown in Figure 1 . The total number of nephrons in the kidneys of twins was 40% lower than in controls (34. (Fig. 2) .
Glomerular capillary length and surface area. There was no significant difference in the average length of capillaries per glomerulus or the total length of glomerular capillaries between the UPE and control fetuses. Similarly, there was no difference in the filtration surface area per glomerulus and TRFSA between the UPE and control groups ( Table 2) .
DISCUSSION
IUGR induced by UPE or naturally through twinning led to a significant reduction in fetal kidney weight, but this reduction in kidney weight was proportional to body weight. In the twin fetuses, IUGR was associated with a 40% reduction in nephron endowment, whereas in the UPE group, although absolute kidney weights were markedly reduced, nephron endowment was not affected. A reduction in nephron endowment in the twins was accompanied by an increase in renal corpuscle size in this group.
Placental embolization was accomplished by the injection of microspheres, which induces IUGR by blocking umbilicoplacental blood vessels and hence restricts substrate exchange across the placenta. The effects of UPE on the sheep fetus resemble those of placental insufficiency in the human IUGR fetus (14) . The induction of IUGR by UPE did not result in a reduction in the number of nephrons, which raises some interesting issues as to the influence of the timing of growth restriction. IUGR has been reported as causing a reduction in nephron numbers in rats (2, 3), rabbits (15) , pigs (16) , sheep (17) , and even human infants (1) . Surprisingly, in our study this was not the case when IUGR was induced by UPE. The UPE fetuses, although significantly growth retarded as indicated by their reductions in body and kidney weights, did not show a significant reduction in the number of nephrons. The lack of a reduced nephron endowment in the UPE fetuses highlights the importance in understanding the precise timing of the induction of IUGR. In our UPE fetuses, nephrogenesis would have been already complete by the time the embolization commenced (120 d) (6) . Hence, even though the 3 wk of UPE reduced the weight of the offspring, they would already have had their full complement of nephrons. Our findings highlight the importance of ascertaining the gestational timing of IUGR to determine whether it will have significant effects on nephrogenesis; that is, birth weight alone is unlikely to provide an accurate indication of altered nephrogenesis. The lack of an effect on nephrogenesis in UPE fetuses may explain why no change was seen in the length and surface area of the capillaries in these fetuses compared with controls. The number of glomeruli was significantly reduced in the twin fetuses. The reduction in nephron number is consistent with the more prolonged period of growth restriction in twins, which extends at least throughout the third trimester (8) . Further investigation is required to ascertain the mechanisms and time course of events leading to the reduced nephrogenesis in the twins.
Interestingly, within twin pairs, reduced birth weight for gestational age is associated with elevated arterial pressure in both infants (18) and adults (19) . Based on our findings, a reduced nephron number may be causally involved. Although most epidemiologic studies performed in human twins combine monozygotic and dizygotic twins, the few studies examining the difference show that dizygotic twins are less growth restricted than monozygotic twins (20, 21) . The ovine twins we examined were dizygotic, suggesting that an analysis of monozygotic twins may produce an even greater nephron deficit. This is not possible to investigate in sheep as twins are usually dizygotic.
A previous stereological study of the kidneys of fetal sheep has reported 300,000 -400,000 nephrons per kidney (17) . The lambs studied included stillborn, sudden unexplained deaths, and twins, which could explain why nephron numbers in our control fetuses were slightly higher. In humans, it has been suggested that sudden infant death syndrome is associated with lower birth weights (22) and lower nephron numbers (23) , although later studies do not confirm this (24). The range of nephrons found in our control fetuses was large, as in the human population (25) . Given the strong link between birth weight and nephron number in many studies, the wide range in the control animals is probably due to the spectrum in birth weights observed in a normal population (26) . In our study, birth weights in the control fetuses ranged from 4.54 to 5.82 kg, with birth weights at the lower end of the range similar to those of the IUGR fetuses (2.43-4.62 kg). The twins on the other hand had a much smaller range of nephron numbers than the controls.
The number and volume of glomeruli have long been known to be associated (27) , presumably resulting in maintenance of the overall filtration capabilities of the kidney, when nephron number varies (28) . Very few studies have examined the relationship between the number of glomeruli and TRFSA. An examination of TRFSA fully addresses the possibility of compensation. As expected, in our study there was no significant difference in TRFSA in the UPE fetuses compared with controls.
The mean volume of the renal corpuscle in twin fetuses is likely increased to counterbalance the decrease in number of glomeruli. It would be expected that the twin fetuses would also have an increase in capillary length and surface area to compensate for their reduction in nephron number and thus maintain their TRFSA. The TRFSA was not estimated in the twin fetuses as their kidneys were immersion fixed and thus it was considered invalid to compare them to control kidneys, in which glomerular capillaries were maximally dilated.
In the present study, the kidneys of the newborn UPE and twin fetuses appeared to be less mature histologically than those of the controls. The tissue itself and glomeruli appeared to be less mature; the tubules were not as well defined and fewer glomeruli had a visible Bowman's space. The apparent immaturity of the kidneys in the IUGR fetuses warrants further investigation. Interestingly, the macula densa appeared longer in the UPE and twin kidneys compared with controls. A quantitative stereological assessment of macula densa length, however, is required to verify these apparent differences.
In conclusion, fetal growth restriction due to twinning leads to reduced nephron endowment. However, late gestational IUGR does not alter nephron number, implying that reduced nephron endowment is dependent on the timing of IUGR in pregnancy. Hence, our findings demonstrate that reduced birth weight per se does not necessarily imply reduced nephron endowment. The long-term, postnatal effects of IUGR, either naturally occurring or experimentally induced by UPE, on kidney function and structure remain unknown.
